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1. Introduction 

Various quantitative MRI (qMRI) techniques hold potential in evaluating the extracellular matrix of 
articular cartilage. In order to apply these techniques in evaluating tissue maturation and to correctly interpret the 
results it is necessary to understand the structural and compositional changes that occur within growing cartilage. 
Also, understanding the MRI appearance of cartilage, as verified by histological correlation of tissue content, may 
help in preventing the pitfalls underlying in the frequent use of immature animal cartilage as a model for human 
articular cartilage. 

This paper summarizes the current understanding of cartilage remodelation during maturation, and the 
available MRI techniques for its evaluation are reviewed. Selected MRI results of cartilage development are 
presented with parallel histology in order to interpret the MRI findings. 
 
2. Mature articular cartilage 

Adult cartilage is composed of water (60-80% by weight), relatively few chondrocytes (1%), and 
hydrophilic proteoglycan aggregates (4-7%) enforced by a network of collagen fibrils (15-22%) (1). The 
proteoglycan concentration increases from surface to deep cartilage (2) while collagen concentration behaves in an 
inverse manner (3). Benninghoff initially reported the complex structure of the collagen network with three distinct 
zones from the articular surface to deep tissue: the tangential zone  (5-15% of total cartilage thickness) has collagen 
fibrils aligned along the articular surface, arcading into the transitional zone (1-15%) where fibrils have a more or 
less random orientation, and finally arrange to become perpendicular to the subchondral bone in the radial zone (70-
90%) where fibrils become anchored to the underlying bone (4). 

To accommodate the varying loading conditions, topographical variation of structure and composition of 
cartilage exists, resulting in different mechanical properties in different areas of the joint (5). Thus, the ultimate goal 
in the development of MRI techniques is not only to estimate the construction of the extracellular matrix but to 
predict the function of the tissue in order to evaluate its prerequisites to accomplish the demanding task of energy 
absorption and dissipation during locomotion. 
 
3. Immature articular cartilage 

While the structure and composition of adult articular cartilage has been known for several decades, only 
recent advances in histological techniques have provided insight into the changes taking place in the architecture of 
maturing cartilage. Enhanced polarized light microscopy (ePLM) has recently provided means to study the fiber 
angle and anisotropy (parallelism) of collagen fibrils (6,7). Fourier Transform Infrared Imaging Spectroscopy (FT-
IRIS), on the other hand, enables the assessment of the spatial variation of collagen and proteoglycan contents (8). 
More conventional techniques, namely the densitometry of stained proteoglycans (9) and biochemical assays (10,11) 
supplement the aforementioned methods in revealing tissue changes in the course of maturation. 

In the developing joint, bone ends are initially formed of epiphyseal hyaline cartilage, and become ossified 
with age apart from the layer of articular cartilage. Unlike adult articular cartilage, postnatal human cartilage is 
lacking an organized collagen network. Collagen fibrils of young porcine cartilage (4 months) are reported to exhibit 
a preferential tangential arrangement even in deep parts of the tissue, yet the order of anisotropy in the radial zone is 
lower than in adult cartilage (12). In immature tissue, several additional histological zones (up to seven in total) have 
been observed in juvenile animal tissue (7,13-16), and these are possibly related to zones of high cell density where 
collagen fibrils curve around the chondrocytes (7,16). These tissue areas most likely represent the cartilaginous 
epiphysis which will eventually become bone. Both the spatial distribution and content of collagen modulates during 
the development of cartilage, reaching its highest content at maturity (12). On the contrary, a significant decrease in 
proteoglycan content has been reported with maturation in rat cartilage (17). The overall solid content slowly 
increases with maturation (i.e. water content decreases) (18). The significant increase of confined compression 
modulus and the decrease in hydraulic permeability of fetal to adult bovine cartilage are primarily associated to the 
development of the collagen component (18). Thus, during skeletal maturation towards the final cartilage phenotype 
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the tissue structure and composition go through phases of significant remodelation that are dramatically reflected in 
the functional properties of the tissue. 
 
4. qMRI for cartilage composition and structure 

Several qMRI techniques have been tested in assessing the collagen component of cartilage. T2 relaxation 
time was initially the parameter of interest due to the distinct and unique MRI appearance of cartilage on T2-
weighted MR images (19). Cartilage T2 is sensitive to the architecture and organization of collagen fibrils 
(16,20,21), but also dependent on the collagen content (22,23) and water content of the tissue (24,25). Conflicting 
reports exist on the influence of cartilage proteoglycans on T2 relaxation (26,27). While T2 relaxation time may not 
be specific to collagen, its spatial variation and laminar appearance is indisputably dependent on the arrangement of 
the collagen fibrils in the B0 field due to the orientation dependent dipolar interaction of collagen associated water, 
known as the “magic angle effect”. The in vivo application of T2 is challenged by the varying orientation of the 
curved articular surfaces that lead to an orientation dependent variation of T2 even in normal cartilage. Yet, 
promising in vivo results have been reported in the recent years (28). In addition to T2 relaxation, also other MRI 
parameters have shown a degree of sensitivity on the collagen component of cartilage. The collagen matrix is the 
predominant determinant of magnetization transfer effects in cartilage, however, it is not very sensitive to changes in 
the physiological range (29,30). Diffusion tensor imaging of cartilage may enable the determination of the collagen 
fibril arrangement (31). Similar to T2, 2H and 23Na quadrupolar splittings depend on the direction of interaction and 
the B0 field and can be used to study the orientation of fibrils in different cartilage zones (32). 

For the estimation of the proteoglycan content of cartilage, the delayed Gadolinium Enhanced MRI of 
Cartilage (dGEMRIC) technique has been widely used. The technique utilizes the cationic contrast agent Gd-
DTPA2- which distributes in inverse relation to the fixed negative charge of the glycosaminoglycans of 
proteoglycans in order to modulate the T1 relaxation time of the tissue (33). The technique has been validated both 
for bulk tissue and spatially (34,35), and has been applied in several in vitro and in vivo studies (36-45). T1ρ 
mapping, i.e. T1 relaxation in the rotating frame, is another candidate for evaluating cartilage proteoglycans (46). It 
shows a high correlation with biochemical proteoglycan measures (47,48) and initial in vivo testing has been 
reported (49,50). The specificity of T1ρ for cartilage proteoglycans, however, is hindered by its dependence on 
residual dipolar interaction related to collagen orientation (51). Finally, Na-MRI is a method that can be used to 
quantify the amount of sodium ions attracted by the fixed negative charge of cartilage proteoglycans (52). The 
technique is sensitive and specific in detecting small changes in proteoglycan concentration (53) and has been tested 
in an in vivo model (54). 

Mechanical properties of cartilage have been successfully related to dGEMRIC, T2 and T1ρ (38,39,43,55-
58). The correlations between moduli and MRI parameters has been high at best, and the techniques have 
reproduced the topographical variation in mechanical properties across the joint (39,59). The correlations, however, 
tend to be inferior when examining pathologic tissue. 
 
5. qMRI of the developing extracellular matrix 

In the wake of microscopic discoveries of cartilage maturation, MRI has shown its potential in assessing 
cartilage development. T2-weighted signal is reported to decrease with maturation, and the homogeneous appearance 
of the cartilaginous epiphysis at the very early childhood is reported to change to a laminated appearance resembling 
that of mature cartilage (60,61). With reference to the findings presented in section 3, the signal decrease is likely 
caused by the remodelation of the collagen network towards an anisotropic structure and by the general increase in 
solid content (collagen and proteoglycans).  

T2 relaxation time mapping has shown promise in revealing the diverging cartilage structure. The additional 
zones observed with polarized light microscopy correlate well with the depth-wise variation of T2 relaxation time 
(7,13,16). These structures frequently exhibit consecutive zones of low and high collagen anisotropy, and they are 
manifested in MRI as laminae of long and short T2 relaxation times, respectively (Fig. 1A). The probable 
mechanisms for the T2 elevation is the reduced dipolar interaction due to lower collagen anisotropy and increased 
water content due to hypercellularity (16). Complicated collagenous structures in the young canine humeral head has 
been revealed: fibrils in central areas exhibit a tri-laminar appearance while the structure becomes more complicated 
when moving to the peripheral area of the joint with different loading conditions (7). This could possibly explain the 
higher T2 relaxation time observed in non-weight-bearing cartilage as compared to weight-bearing tissue in the 
femoral compartment of the pediatric knee (62). A significant increase in 2H and 23Na quadrupolar splitting with age 
has been observed, providing another means to study the order of collagen anisotropy with maturation (63). 

dGEMRIC has been used to investigate the proteoglycan content in the course of cartilage development in 
a single study (64). Histology of superficial cartilage in adult humans showed a lower proteoglycan content as 
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opposed to immature bovine and immature porcine cartilage. dGEMRIC revealed a similar trend, however, the 
difference was not statistically significant. A poor correlation between dGEMRIC and histological quantitation of 
stained proteoglycans has been revealed in the deep parts of immature cartilage (35,64). This is possibly related to 
the high cellularity of deep juvenile cartilage which infringes the single compartment assumption made in the 
dGEMRIC technique or high tissue permeability in these tissue zones that could restrict the accumulation of the 
contrast agent (35). Nonetheless, several other studies have shown the capability of dGEMRIC in revealing subtle 
changes in the PG content of cartilage (Fig. 1B), and when used with caution it is one of the most potential 
techniques in revealing maturation related proteoglycan changes in cartilage. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 1: For a sample of juvenile cartilage imaged at 9.4T (cartilage surface is towards the top of the page), A: T2 
map and ePLM images (orientation, anisotropy and birefringence); zone I: superficial cartilage with collagen fibrils 
arranged along the cartilage surface, and a concomitant short T2 relaxation time; zone II: arcading collagen fibrils 
with low anisotropy together with a long T2; zone III: anisotropic collagen fibrils with tangential arrangement (as in 
zone I) and short T2 relaxation time; zone IV: anisotropic collagen arrangement and prolonged T2; zone V: radial 
collagen fibrils with some degree of anisotropy and short T2 relaxation time. B: safranin-O stained section and 
respective dGEMRIC map: proteoglycan content increases from superficial to deep cartilage and this variation is 
also visualized by dGEMRIC. (Image courtesy of Mikko Nissi, University of Kuopio) 

 
Surgically produced repair tissue, such as that resulting from autologous chondrocyte transplantation 

(ACT), is analogous to postnatal articular cartilage in the sense that it lacks the three-dimensional arrangement of 
collagen fibrils. dGEMRIC and T2 mapping have been used to evaluate ACT repair tissue in humans (36,37,65). 
dGEMRIC revealed PG replenishment in ACT grafts. The repair tissue, however, showed an elevated T2 relaxation 
time without a distinct laminar appearance, which may be explained by the lack of the three-dimensional 
collagenous architecture. T2 mapping has the potential to show emerging arrangement of collagen in repair tissue, 
however, it is unlikely that the tissue develops such a structure any quicker than in the age of skeletal maturation. 
Therefore long term follow-up qMRI studies are required.  

Another study used various MRI parameters to evaluate regenerated tissue in an animal model of 
spontaneous repair (66). Repair tissue showed a trend toward low PG content, as assessed by dGEMRIC, and low T2 
values likely resulting from the fibrous cartilage structure as verified by polarized light microscopy. T1 and diffusion 
measurements were not particularly sensitive in differentiating regenerated tissue from normal cartilage, however, 
the number of samples in the study was very small and prevented from running statistical tests. 
 
6. Summary 

Developing cartilage shows dramatic changes in the extracellular matrix in course of time. qMRI 
techniques are very promising in the nondestructive assessment of the maturation related changes in the 
macromolecular constituents of cartilage. To date, T2 mapping and dGEMRIC have been used in revealing structural 
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changes in the three-dimensional collagen matrix and proteoglycans, respectively. Several other MRI parameters 
have the potential to further characterize cartilage maturation and their applicability remains to be shown. 
 
Acknowledgments 

Jarno Rieppo, MB, and Mika Hyttinen, MD, are acknowledged for fruitful discussion and sharing their 
latest results, and the members of the FinnCartilage consortium for productive collaboration. 
 
References 
1. Mow VC, Ratcliffe A, Poole AR. Cartilage and diarthrodial joints as paradigms for hierarchical materials and structures. 

Biomaterials 1992;13(2):67-97. 
2. Maroudas A, Bayliss MT, Venn MF. Further studies on the composition of human femoral head cartilage. Ann Rheum Dis 

1980;39(5):514-523. 
3. Venn M, Maroudas A. Chemical composition and swelling of normal and osteoarthrotic femoral head cartilage. I. Chemical 

composition. Ann Rheum Dis 1977;36(2):121-129. 
4. Benninghoff A. Form und bau der Gelenkknorpel in ihren Beziehungen zur Function. Erste Mitteilung: die modellierenden und 

formenhaltenden Faktoren des Knorpelreliefs. Z Anat 1925;76:43-63. 
5. Jurvelin JS, Arokoski JP, Hunziker EB, Helminen HJ. Topographical variation of the elastic properties of articular cartilage in 

the canine knee. J Biomech 2000;33(6):669-675. 
6. Rieppo J, Hallikainen J, Jurvelin JS, Helminen HJ, Hyttinen MM. Novel quantitative polarization microscopic assessment of 

cartilage and bone collagen birefringence, orientation and anisotropy. Transact Orthop Res Soc 2003;28:570. 
7. Xia Y, Moody JB, Alhadlaq H, Hu J. Imaging the physical and morphological properties of a multi-zone young articular 

cartilage at microscopic resolution. J Magn Reson Imaging 2003;17(3):365-374. 
8. Camacho NP, West P, Torzilli PA, Mendelsohn R. FTIR microscopic imaging of collagen and proteoglycan in bovine 

cartilage. Biopolymers 2001;62(1):1-8. 
9. Kiviranta I, Jurvelin J, Tammi M, Säämänen AM, Helminen HJ. Microspectrophotometric quantitation of glycosaminoglycans 

in articular cartilage sections stained with Safranin O. Histochemistry 1985;82(3):249-255. 
10. Goldberg RL, Kolibas LM. An improved method for determining proteoglycans synthesized by chondrocytes in culture. 

Connect Tissue Res 1990;24(3-4):265-275. 
11. Woessner JF. The determination in tissue and protein samples containing small proportions of this imino acid. Arch Biochem 

Biophys 1961;93:440-447. 
12. Rieppo J, Hyttinen MM, Halmesmäki E, Ruotsalainen H, Vasara A, Kiviranta I, Jurvelin JS, Helminen HJ. Remodelation of 

Collagen Network Architecture during Cartilage Maturation. Transact Orthop Res Soc 2004;29:549. 
13. Nissi MJ, Rieppo J, Töyräs J, Laasanen MS, Helminen HJ, Jurvelin JS, Nieminen MT. T2 relaxation reveals differences in 

spatial collagen network anisotropy in human, bovine and porcine articular cartilage. Proc Intl Soc Magn Reson Med 
2003;11:54. 

14. Xia Y, Moody JB, Alhadlaq H, Burton-Wurster N, Lust G. Characteristics of topographical heterogeneity of articular 
cartilage over the joint surface of a humeral head. Osteoarthritis Cartilage 2002;10(5):370-380. 

15. Gründer W, Kanowski M, Wagner M, Werner A. Visualization of pressure distribution within loaded joint cartilage by 
application of angle-sensitive NMR microscopy. Magn Reson Med 2000;43(6):884-891. 

16. Nieminen MT, Töyräs J, Rieppo J, Silvennoinen MJ, Hakumäki JM, Hyttinen MM, Helminen HJ, Jurvelin JS. T2 relaxation 
reveals spatial collagen architecture in articular cartilage: a comparative quantitative MRI and polarized light microscopic 
study. Magn Reson Med 2001;46:487-493. 

17. Watrin A, Ruaud JP, Olivier PT, Guingamp NC, Gonord PD, Netter PA, Blum AG, Guillot GM, Gillet PM, Loeuille DH. T2 
mapping of rat patellar cartilage. Radiology 2001;219(2):395-402. 

18. Williamson AK, Chen AC, Sah RL. Compressive properties and function-composition relationships of developing bovine 
articular cartilage. J Orthop Res 2001;19(6):1113-1121. 

19. Rubenstein JD, Kim JK, Morova-Protzner I, Stanchev PL, Henkelman RM. Effects of collagen orientation on MR imaging 
characteristics of bovine articular cartilage. Radiology 1993;188(1):219-226. 

20. Gründer W, Wagner M, Werner A. MR-microscopic visualization of anisotropic internal cartilage structures using the magic 
angle technique. Magn Reson Med 1998;39(3):376-382. 

21. Xia Y, Moody JB, Burton-Wurster N, Lust G. Quantitative in situ correlation between microscopic MRI and polarized light 
microscopy studies of articular cartilage. Osteoarthritis Cartilage 2001;9(5):393-406. 

22. Fragonas E, Mlynarik V, Jellus V, Micali F, Piras A, Toffanin R, Rizzo R, Vittur F. Correlation between biochemical 
composition and magnetic resonance appearance of articular cartilage. Osteoarthritis Cartilage 1998;6(1):24-32. 

23. Menezes NM, Gray ML, Hartke JR, Burstein D. T2 and T1rho MRI in articular cartilage systems. Magn Reson Med in press. 
24. Lusse S, Claassen H, Gehrke T, Hassenpflug J, Schunke M, Heller M, Gluier CC. Evaluation of water content by spatially 

resolved transverse relaxation times of human articular cartilage. Magnetic Resonance Imaging 2000;18(4):423-430. 
25. Shapiro EM, Borthakur A, Kaufman JH, Leigh JS, Reddy R. Water distribution patterns inside bovine articular cartilage as 

visualized by 1H magnetic resonance imaging. Osteoarthritis Cartilage 2001;9(6):533-538. 
26. Nieminen MT, Töyräs J, Rieppo J, Hakumäki JM, Silvennoinen J, Helminen HJ, Jurvelin JS. Quantitative MR microscopy of 

enzymatically degraded articular cartilage. Magn Reson Med 2000;43(5):676-681. 



 5 

27. Wayne JS, Kraft KA, Shields KJ, Yin C, Owen JR, Disler DG. MR imaging of normal and matrix-depleted cartilage: 
correlation with biomechanical function and biochemical composition. Radiology 2003;228(2):493-499. 

28. Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relaxation time mapping: overview and applications. Semin Musculoskelet 
Radiol 2004;8(4):355-368. 

29. Kim DK, Ceckler TL, Hascall VC, Calabro A, Balaban RS. Analysis of water-macromolecule proton magnetization transfer 
in articular cartilage. Magn Reson Med 1993;29(2):211-215. 

30. Gray ML, Burstein D, Lesperance LM, Gehrke L. Magnetization transfer in cartilage and its constituent macromolecules. 
Magn Reson Med 1995;34(3):319-325. 

31. Filidoro L, Dietrich O, Weber J, Rauch E, Oerther T, Wick M, Reiser MF, Glaser C. High-resolution diffusion tensor imaging 
of human patellar cartilage: feasibility and preliminary findings. Magn Reson Med 2005;53(5):993-998. 

32. Navon G, Shinar H, Eliav U, Seo Y. Multiquantum filters and order in tissues. NMR Biomed 2001;14(2):112-132. 
33. Bashir A, Gray ML, Burstein D. Gd-DTPA2- as a measure of cartilage degradation. Magn Reson Med 1996;36(5):665-673. 
34. Bashir A, Gray ML, Hartke J, Burstein D. Nondestructive imaging of human cartilage glycosaminoglycan concentration by 

MRI. Magn Reson Med 1999;41(5):857-865. 
35. Nieminen MT, Rieppo J, Silvennoinen J, Töyräs J, Hakumäki JM, Hyttinen MM, Helminen HJ, Jurvelin JS. Spatial 

assessment of articular cartilage proteoglycans with Gd-DTPA2- enhanced T1 imaging. Magn Reson Med 2002;48(4):640-648. 
36. Gillis A, Bashir A, McKeon B, Scheller A, Gray ML, Burstein D. Magnetic resonance imaging of relative glycosaminoglycan 

distribution in patients with autologous chondrocyte transplants. Invest Radiol 2001;36(12):743-748. 
37. Vasara AI, Nieminen MT, Jurvelin JS, Peterson L, Lindahl A, Kiviranta I. Indentation stiffness of repair tissue after 

autologous chondrocyte transplantation. Clin Orthop Relat Res 2005(433):233-242. 
38. Nissi MJ, Töyräs J, Laasanen MS, Rieppo J, Saarakkala S, Lappalainen R, Jurvelin JS, Nieminen MT. Proteoglycan and 

collagen sensitive MRI evaluation of normal and degenerated articular cartilage. J Orthop Res 2004;23:557-564. 
39. Kurkijärvi JE, Nissi MJ, Kiviranta I, Jurvelin JS, Nieminen MT. Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) 

and T2 characteristics of human knee articular cartilage: topographical variation and relationships to mechanical properties. 
Magn Reson Med 2004;52:41-46. 

40. Tiderius CJ, Olsson LE, Leander P, Ekberg O, Dahlberg L. Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) in 
early knee osteoarthritis. Magn Reson Med 2003;49(3):488-492. 

41. Tiderius CJ, Svensson J, Leander P, Ola T, Dahlberg L. dGEMRIC (delayed gadolinium-enhanced MRI of cartilage) 
indicates adaptive capacity of human knee cartilage. Magn Reson Med 2004;51(2):286-290. 

42. Kim YJ, Jaramillo D, Millis MB, Gray ML, Burstein D. Assessment of early osteoarthritis in hip dysplasia with delayed 
gadolinium-enhanced magnetic resonance imaging of cartilage. J Bone Joint Surg Am 2003;85-A(10):1987-1992. 

43. Lammentausta E, Kiviranta P, Nissi MJ, Laasanen MS, Kiviranta I, Nieminen MT, Jurvelin JS. T2 Relaxation Time and 
delayed Gadolinium-Enhanced MRI of cartilage (dGEMRIC) of human patellar cartilage at 1.5 T and 9.4 T: correlation with 
tissue mechanical properties. J Orthop Res, in press. 

44. Williams A, Gillis A, McKenzie C, Po B, Sharma L, Micheli L, McKeon B, Burstein D. Glycosaminoglycan distribution in 
cartilage as determined by delayed gadolinium-enhanced MRI of cartilage (dGEMRIC): potential clinical applications. AJR 
Am J Roentgenol 2004;182(1):167-172. 

45. Williams A, Sharma L, McKenzie CA, Prasad PV, Burstein D. Delayed gadolinium-enhanced magnetic resonance imaging of 
cartilage in knee osteoarthritis: Findings at different radiographic stages of disease and relationship to malalignment. Arthritis 
Rheum 2005;52(11):3528-3535. 

46. Duvvuri U, Reddy R, Patel SD, Kaufman JH, Kneeland JB, Leigh JS. T1rho-relaxation in articular cartilage: effects of 
enzymatic degradation. Magn Reson Med 1997;38(6):863-867. 

47. Akella SV, Regatte RR, Gougoutas AJ, Borthakur A, Shapiro EM, Kneeland JB, Leigh JS, Reddy R. Proteoglycan-induced 
changes in T1rho-relaxation of articular cartilage at 4T. Magn Reson Med 2001;46(3):419-423. 

48. Duvvuri U, Kudchodkar S, Reddy R, Leigh JS. T(1rho) relaxation can assess longitudinal proteoglycan loss from articular 
cartilage in vitro. Osteoarthritis Cartilage 2002;10(11):838-844. 

49. Regatte RR, Akella SV, Wheaton AJ, Lech G, Borthakur A, Kneeland JB, Reddy R. 3D-T1rho-relaxation mapping of 
articular cartilage: in vivo assessment of early degenerative changes in symptomatic osteoarthritic subjects. Acad Radiol 
2004;11(7):741-749. 

50. Regatte RR, Akella SV, Borthakur A, Kneeland JB, Reddy R. In vivo proton MR three-dimensional T1rho mapping of 
human articular cartilage: initial experience. Radiology 2003;229(1):269-274. 

51. Akella SV, Regatte RR, Wheaton AJ, Borthakur A, Reddy R. Reduction of residual dipolar interaction in cartilage by spin-
lock technique. Magn Reson Med 2004;52(5):1103-1109. 

52. Lesperance LM, Gray ML, Burstein D. Determination of fixed charge density in cartilage using nuclear magnetic resonance. 
J Orthop Res 1992;10(1):1-13. 

53. Borthakur A, Shapiro EM, Beers J, Kudchodkar S, Kneeland JB, Reddy R. Sensitivity of MRI to proteoglycan depletion in 
cartilage: comparison of sodium and proton MRI. Osteoarthritis Cartilage 2000;8(4):288-293. 

54. Wheaton AJ, Borthakur A, Dodge GR, Kneeland JB, Schumacher HR, Reddy R. Sodium magnetic resonance imaging of 
proteoglycan depletion in an in vivo model of osteoarthritis. Acad Radiol 2004;11(1):21-28. 

55. Nieminen MT, Töyräs J, Laasanen MS, Silvennoinen J, Helminen HJ, Jurvelin JS. Prediction of biomechanical properties of 
articular cartilage with quantitative magnetic resonance imaging. J Biomech 2004;37(3):321-328. 



 6 

56. Samosky JT, Burstein D, Eric Grimson W, Howe R, Martin S, Gray ML. Spatially-localized correlation of dGEMRIC-
measured GAG distribution and mechanical stiffness in the human tibial plateau. J Orthop Res 2005;23(1):93-101. 

57. Wheaton AJ, Dodge GR, Elliott DM, Nicoll SB, Reddy R. Quantification of cartilage biomechanical and biochemical 
properties via T(1rho) magnetic resonance imaging. Magn Reson Med 2005;54(5):1087-1093. 

58. Wayne JS, Kraft KA, Shields KJ, Yin C, Owen JR, Disler DG. MR imaging of normal and matrix-depleted cartilage: 
correlation with biomechanical function and biochemical composition. Radiology 2003;228(2):493-499. 

59. Nieminen MT, Töyräs J, Laasanen MS, Silvennoinen J, Helminen HJ, Jurvelin JS. Prediction of biomechanical properties of 
articular cartilage with quantitative magnetic resonance imaging. J Biomech 2004;37(3):321-328. 

60. Varich LJ, Laor T, Jaramillo D. Normal maturation of the distal femoral epiphyseal cartilage: age-related changes at MR 
imaging. Radiology 2000;214(3):705-709. 

61. Babyn PS, Kim HK, Lemaire C, Gahunia HK, Cross A, DeNanassy J, Pritzker KP. High-resolution magnetic resonance 
imaging of normal porcine cartilaginous epiphyseal maturation. J Magn Reson Imaging 1996;6(1):172-179. 

62. Dardzinski BJ, Laor T, Schmithorst VJ, Klosterman L, Graham TB. Mapping T2 relaxation time in the pediatric knee: 
feasibility with a clinical 1.5-T MR imaging system. Radiology 2002;225(1):233-239. 

63. Keinan-Adamsky K, Shinar H, Navon G. A Multinuclear NMR Study of the Maturation of Pig Articular Cartilage. Proc Intl 
Soc Magn Reson Med 2003;11:1503. 

64. Nissi MJ, Rieppo J, Töyräs J, Laasanen MS, Kiviranta I, Jurvelin JS, Nieminen MT. MRI quantitation of proteoglycans with 
dGEMRIC in human, bovine and porcine articular cartilage. Transact Orthop Res Soc 2004;29:1004. 

65. Kurkijärvi JE, Nissi M, Ojala RO, Vasara AI, Jurvelin JS, Kiviranta I, Nieminen MT. In Vivo T2 Mapping and dGEMRIC of 
Human Articular Cartilage Repair after Autologous Chondrocyte Transplantation. Proc Intl Soc Magn Reson Med 
2005;13:481. 

66. Nieminen MT, Winalski CS, Rieppo J, Lammi M, Lechpammer S, Johnson K, Minas T, Kiviranta I. Multi-parametric MRI 
assessment of cartilage repair with correlation to histology. Proc Intl Soc Magn Reson Med 2004;11:2399. 

 


	Table of Contents
	2006 Annual Meeting Program Committee
	Continuing Education
	Declaration of Speaker Financial Interests or Relationships
	================
	Monday, 8 May 2006
	Hot Topics in Clinical Practice: Neuro Imaging and Body Imaging ~ 11:00 to 13:00 ~ Room 6E
	Molecular Imaging with Cell Tracking in the CNS
	Automated Change Detection in Serial Imaging Studies of the Brain
	Cutting-Edge Imaging of the Spine
	Hot Body MRI: Beyond Anatomy Towards Tissue Function
	Hot Topics in Europe: Whole Body MRI
	Hot New MRA Techniques

	Body MR Problem Solving ~ 11:00 to 13:00 ~ Room 6C
	The Hepatitis C Patient: Early Diagnosis of Cirrhosis and HCC
	Problem Solving with Breast MR

	SMRT and ISMRM Joint Forum: Imaging of the Mother, Fetus and Newborn  ~ 14:00 to 16:00 ~ Room 6D
	Technical Aspects of Scanning the Pregnant Mother: A Technologist's Overview and Perspective ~ No Syllabus Contribution Submitted
	Fetal MR - Including the CNS
	Imaging the Neonatal Brain: Specific Pathologies - Specific Imaging Protocols
	Imaging the Pediatric Patient: Specific Pathologies - Specific Imaging Protocols

	Grant Writing: Opportunities, Needs and Strategies ~ 14:00 to 16:00 ~ Room 6C
	Grants - A Strategic Perspective from a Funding Agency Point of View: Requirements and Expectations
	Grantsmanship: The Essentials ~ No Syllabus Contribution Submitted
	Grants - An Outcome Perspective: Looking Back from a Scientific Publication to Grant Funding - Lessons to be Learned

	MR Physics for Clinicians ~ 16:30 to 18:30 ~ Room 6C
	Spin Gymnastics I
	Spin Gymnastics II ~ No Syllabus Contribution Submitted
	MRI Hardware


	================
	Tuesday, 9 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	High Field Imaging: A Technical Perspective
	High Field Body Imaging: A Clinical Perspective

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	Body & Peripheral MRA
	Non-Contrast MRA
	Coronary MRA

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	What Can Quantitative DCE T1-Weighted MR Imaging Tell Us?
	Grading, Therapy Monitoring, and Predicting Outcome of Glioma

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	MRI Main Field Magnets
	Shim Coil Design, Limitations and Implications

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Impediments to High Field MR - A Look at B0 and B1 Field Behavior
	How to Do RF at High Fields

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	Biomechanics of Femoral Acetabular Impingement
	MR Imaging of Femoral Acetabular Impingement

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Latest Advances in Arterial Spin Labeling
	Measuring Oxygen Consumption Using MRI: What Can and Cannot be Done

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Techniques for MR Imaging Near Metallic Implants
	Prospects of Absolute B1 Calibration

	Body/Cardiovascular Imaging at 3T ~ 10:30 to 12:30 ~ Room 6C
	Introduction to Body Imaging at 3T: Theoretical Advantages and Practical Challenges
	Musculoskeletal Imaging at 3T
	Abdominal and Pelvic Imaging at 3T
	Cardiovascular Imaging at 3T
	Body and Breast at 3T: Where is the Added Value Compared to 1.5T

	Neuro MR Problem Solving ~ 10:30 to 12:30 ~ Room 6D
	How To Use Parallel Imaging Techniques To Improve the Efficiency of Clinical CNS Imaging Protocols
	MR Angiography of the Carotids and Circle-of-Willis: Technical and Clinical Dilemmas

	MR Neurography for MSK Radiologists ~ 13:30 to 15:30 ~ Room 6C
	MR Neurography - Imaging Peripheral Nerves
	The Role of MRI in the Diagnosis and Treatment of Peripheral Nerve

	MR Physics for Clinicians ~ 16:00 to 18:00 ~ Room 6C
	Spin Echo 
	Gradient Echo 
	Fast Spin Echo 


	================
	Wednesday, 10 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	Coils, Receivers and Parallel Imaging: A Technical Perspective
	Parallel Imaging: A Clinical Perspective

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	MRA at 3.0T
	Cardiac MRI at 3.0T
	Cardiovascular Parallel Imaging at 3.0T

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Diffusion Tensor Imaging of Traumatic Brain Injury
	Clinical Output of DTI Measurements in Multiple Sclerosis

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	Array Systems
	Receivers System

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	High Resolution Imaging: Why Is It Important for T1 Weighted Imaging, MRA and SWI?
	Parallel Excitation: Making SENSE of High-Field Body MRI

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	MRI Evaluation of Cartilage Maturation
	MR Imaging of Cartilage in the Pediatric Patient

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Quantification Issues in Bolus-Tracking Perfusion MRI
	Steady-State and First-Pass Contrast Agent Methods to Evaluate CBV, Vascular Morphology and Permeability

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Cytoarchitectonic MRI: Can MRI Be Used to Quantify Neural Tissue?
	Tissue Structure through Diffusion and Transverse Relaxation Measurements
	Unresolved Issues in Diffusion and Perfusion MRI: A Consensus from the Study Group

	Cardiovascular Imaging ~ 11:00 - 13:00 ~ Room 6E
	Coronary Whole Heart MRA
	MRA at 3T
	Advances in Delayed Gadolinium MRI of Heart and Vessels ~ No Syllabus Contribution Submitted
	Peripheral MRA: Competing in the MDCT Era

	MR Physics for Clinicians ~ 16:30 - 18:30 ~ Room 6C
	Imaging Options and Their Effects on SNR
	Ultrafast Imaging
	Field Strength Dependence in MRI-Advantages and Artifacts at 3T


	================
	Thursday, 11 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	DWI in Body Imaging
	PWI in Body Imaging

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	MRI of Global and Regional Myocardial Function
	MRI of Myocardial Perfusion
	MRI of Myocardial Viability

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Functional Connectivity
	Combining fMRI and DTI Applications

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	Transmit Arrays Design
	RF Pulse Design for Transmit SENSE

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Advances in Spectral Editing: MRS of Neurotransmitters
	Broadband Decoupling at High Field: Challenges and Solutions

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	Functional Cartilage MRI
	Overuse Injuries in Elite Athletes

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Recent Advances to Resolve Multiple Fibers Using Diffusion MRI
	Recent Advances in Fiber Tracking

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Exclusively MRI-Based Molecular Imaging: Can Magnetic Labeling of Physiologically Important Compounds via DNP or Parahydrogen-Induced Hyperpolarization Provide a Potential Supplement or Replacement of PET
	Direct Detection of Neuromodulation
	Development of Static Tracers for Myocardial Perfusion Imaging by MRI

	Stroke Imaging ~ 10:30 to 12:30 ~ Room 6C
	Neuroprotection: Biological Background and MR Implications
	The Current Status of Ongoing Clinical Trials: Beyond 3 Hours
	The Perspective of Pathophysiology - Guided Stroke Therapy
	MR Wish List for Stroke Neurologists: What Are We Missing? ~ No Syllabus Contribution Submitted

	Cardiac Problem Solving: Imaging the Coronary Arteries in 2006 - CT vs. MRCA ~ 16:30 - 18:30 ~ Room 6D
	Can CT Be Reliably Used for Plaque Characterization and Vessel Wall Imaging?
	Advanced MR Coronary Imaging at 3T: Promise or Perils?
	CT vs. MRCA: A Radiologist's Perspective
	Head-to-Head Comparison of CT and MRCA
	Assessing the Myocardium: Ischemia, Prognosis and Viability ~ No Syllabus Contribution Submitted

	Vascular Problem Solving and Case Presentation ~ 13:30 - 15:30 ~ Room 6C
	Vessels of the Neck
	Evaluation of Renal Vascular Disease
	MRA of the Run-Off's: Hands and Feet

	MR Physics for Clinicians ~ 16:30 - 18:30 ~ Room 6C
	Diffusion MRI
	MR Angiography
	Cardiac MRI


	================
	Friday, 12 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	Body MR Spectroscopy
	Fat-Water Imaging

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	Arrthymogenic Conditions
	Other Cardiomyopathies

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Diffusion MRI in the Fetus and Newborn
	Measuring Brain Perfusion in the Pediatric Brain

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	ESR
	Hyperpolarized C13

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Getting BOLDer with High Field fMRI
	Static Magnetic Fields: Bioeffects, Regulation and Management

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	MRI Techniques for Stem Cell Trafficking
	Stem Cell Research Opportunities in the Musculoskeletal System

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Voxel-Based Analyses
	Techniques for Measuring Brain Deformation

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Need for a Non-Commercial Open-Source MR Simulator
	Does The Principle Of Reciprocity Hold At High Field MR?

	Therapy Assessment ~ 10:30 to 12:30 ~ Room 6E
	The Needs and Opportunities of Imaging as Bio- or Surrogate Markers - A Strategic Perspective
	Goals for Assessment of Response - A Clinical and Cooperative Trial Structure ~ No Syllabus Contribution Submitted
	Integrating MR Response Information within Trials: A Quality Assurance Perspective
	Using MR to assess Therapeutic Response - An Investigator's Perspective





